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1. 

DEVICE AND METHOD FOR DETECTINGA 
SUBSTANCE OF A LIOUID 

CROSS REFERENCE TO RELATED 
APPLICATION 

This is the 35 USC 371 national stage of international 
application PCT/DE03/02226 filed on Jul. 3, 2003, which 
designated the United States of America. 

FIELD OF THE INVENTION 

The invention relates to a device for detecting at least one 
Substance of a fluid, said device comprising at least one piezo 
acoustic resonator with at least one piezoelectric layer, an 
electrode disposed on the piezoelectric layer, at least one 
further electrode disposed on the piezoelectric layer, and a 
surface section used for sorption of the substance of the fluid, 
whereby the piezoelectric layer, the electrodes and the surface 
Section are arranged in relation to one another in such a way 
that electrical actuation of the electrodes leads to an oscilla 
tion of the resonator at a resonance frequency and the reso 
nance frequency is dependent on the amount of the substance 
which is adsorbed on the surface section. In addition a method 
for detecting at least one substance of a fluid using said device 
is specified. 

BACKGROUND OF THE INVENTION 

Biosensors are used to an increasing extent in modern 
biological analysis technology and in medical diagnostics. A 
biosensor consists of a biological detection system for a bio 
logical substance and what is referred to as a physical trans 
ducer. The substance is "detected via the biological detec 
tion system. Said "detection' is converted into an electronic 
signal by means of the physical transducer. Frequently used 
biological detection systems are antibodies, enzymes and 
nucleic acids. In this case the biological detection systems are 
usually immobilized (fixed) on the transducer in approxi 
mately two-dimensional layers. An immobilization (fixing) 
can be effected in this case by covalent bindings, by affinity 
interactions and by hydrophilic or hydrophobic interactions. 
An overview of a structure consisting of approximately two 
dimensional biological detection layers is given by I. Willner 
and E. Katz in Angew. Chem. (Applied Chemistry”) 112 
(2000), 1230 to 1269. 
A device and a method of the type cited at the beginning are 

known from C. Kösslinger et al., Biosensors & Bioelectron 
ics, 7 (1992), pp. 397 to 404. The surface section of the 
resonator constitutes a detection system for a substance. The 
piezoelectric resonator acts as a physical transducer. The 
piezoelectric layer of the known resonator consists of a quartz 
crystal. Gold electrodes are attached to the quartz crystal. The 
quartz crystal is excited by electrical actuation of the elec 
trodes to produce bulk acoustic waves in the form of thickness 
shear mode oscillations. The resonance frequency is about 20 
MHz. One of the electrodes forms the surface section used for 
sorption of the substance of the fluid. The substance is a 
macromolecular protein which is present in a liquid and 
which is physically adsorbed at the electrode. As a result of 
the adsorption of the protein there is a change in the mass and 
therefore the resonance frequency of the resonator. The fol 
lowing general relationship applies to the change in the reso 
nance frequency (Af) as a function of the change in the 
adsorbed amount of the substance per surface unit (Am) (cf. 
G. Sauerbrey, Zeitschrift für Physik (“Journal for Physics”, 
155 (1959), pp. 206-222): 
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Affo 2 (1) S = A = c e fi 

where S is the mass sensitivity of the resonator, f is the 
resonance frequency of the resonator without adsorbed sub 
stance, c is a material-specific constant, and m is the mass of 
the resonator per surface unit. The mass sensitivity is propor 
tional to the square of the resonance frequency of the resona 
tor. At a relatively low resonance frequency f of approx. 20 
MHz, the mass sensitivity of the known device can be esti 
mated at approx. 1 Hzng'cm. 
A device and a method of the cited type are also known 

from V. Ferrarietal. Sensors and Actuators, B68 (2000), pp. 
81-87. The device operates as a mass sensor used for detec 
tion of a chemical substance. The piezoelectric layer is a 
plumbum zirconate titanate (PZT) layer. Layer-shaped elec 
trodes (electrode layers) made of a silver-palladium alloy are 
applied on opposite sides of the PZT layer. The electrodes and 
the PZT layer form the piezo acoustic resonator. The resona 
tor can be excited to generate a longitudinal oscillation along 
the layer thickness of the PZT layer by electrical actuation of 
the electrodes. 
The known resonator has a surface section on which a 

Substance can be sorbed. Toward that end the resonator has a 
chemically sensitive coating forming the surface section. The 
chemically sensitive coating is a polymer film which is 
applied to one of the electrodes. The polymer film is for 
example polystyrole or polymethylacrylate. Various sub 
stances, for example hydrocarbons, can be adsorbed on these 
polymer films. The adsorption causes a change in the mass of 
the resonator. As a result of this the resonance frequency of 
the resonator changes. The extent of the change in the reso 
nance frequency is dependent on the adsorbed amount of the 
Substance. The more substance is adsorbed, the greater is the 
change in the resonance frequency. 
The layer thickness of the PZT layer of the resonator is 

approximately 100 yum. The electrodes are approx. 10 um 
thick. The polymer film is applied for example at a thickness 
of approx. 3 Lim. A lateral extension of the resonator is approx. 
6 mm. The resonance frequency of the resonator is approxi 
mately 7 MHz. The known device having the piezo acoustic 
resonator is suitable for the detection of a substance of a fluid. 
The fluid is either a liquid or a gas or gas mixture. 
The resonator of the device is mounted on an aluminum 

oxide substrate. Thick-film technology (TFT) is the method 
chosen for manufacturing the resonator or, as the case may be. 
for attaching the resonator to the substrate. Miniaturization of 
the device is limited due to the resolution that can beachieved 
using thick-film technology. Increasing miniaturization is 
desirable, however. For example, a plurality of resonators are 
combined to form a resonator array. Each of the resonators 
forms an array element of the resonator array. The smallest 
possible resonator elements are required in order to be able to 
arrange the maximum number of array elements on a sub 
strate of a given size. 

In addition to the unfavorable size of the resonator from the 
point of view of miniaturization, the known device is charac 
terized by a relatively low mass sensitivity (cf. Equation 1) 
due to the relatively low resonance frequency of the resonator. 
A low concentration of the substance of the fluid or a slight 
change in the concentration of the substance in the fluid can 
only be determined with a relatively large error margin. 
A so-called “flexural plate wave” (FPW) sensor is known 

from H. Baltes, Proceedings of the IEEE, Vol. 86, No. 8, 
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August 1998, pages 1660-1678. The sensor is a device for 
detecting a substance. The device has a piezo acoustic reso 
nator which is mounted on a semiconductor Substrate made of 
silicon. Vapor deposition methods, CMOS (Complementary 
Metal Oxide Semiconductor) technology and frontside or 
backside etching of the semiconductor Substrate (bulk micro 
machining) are used in the fabrication of the device. The 
electrodes and the piezoelectric layer are arranged on the 
semiconductor substrate in the form of what is called a “can 
tilever in such a way that electrical actuation of the elec 
trodes leads to a lateral oscillation of the resonator at a reso 
nance frequency of approx. 140 kHz. The resonator has a 
chemically sensitive coating made of polyurethane or polysi 
loxane. These polymers are Suitable for the adsorption and 
therefore for demonstrating the presence of hydrocarbons 
containing halogens. The fluid is in particular gaseous. If the 
fluid is channeled past the surface section formed by one of 
the polymers, the hydrocarbons are adsorbed on the surface 
section. The mass of the resonator, and therefore also the 
resonance frequency of the resonator, changes as a function of 
the concentration of the hydrocarbons. The lateral extension 
of the resonatoris relatively Small. It amounts, for example, to 
300 um. However, the resonator is characterized by a rela 
tively low mass sensitivity due to the relatively low resonance 
frequency of approx. 140 kHz. 

SUMMARY OF THE INVENTION 

The object of the present invention is to specify a sub 
stance-detecting device which has a higher mass sensitivity to 
the Substance compared to the known prior art. 

In order to achieve said object, a device for detecting at 
least one substance of a fluid is specified. The device has at 
least one piezo acoustic resonator comprising at least one 
piezoelectric layer, an electrode disposed on the piezoelectric 
layer, at least one further electrode disposed on the piezoelec 
tric layer, and a surface section serving for sorption of the 
substance of the fluid, whereby the piezoelectric layer, the 
electrodes and the Surface section are arranged in relation to 
one another in Such a way that electrical actuation of the 
electrodes leads to an oscillation of the resonator at a reso 
nance frequency and the resonance frequency is dependent on 
the amount of the substance which is sorbed on the surface 
section. The device is characterized in that a layer thickness of 
the piezoelectric layer is chosen from the range of 0.1 um 
inclusive to 20 um inclusive and the resonance frequency of 
the oscillation is chosen from the range of 500 MHz inclusive 
to 10 GHZ, inclusive. 

The resonator of the device is a piezo acoustic thin-film 
resonator. The electrodes are formed from electrode layers. 
The electrode layers consist, for example, of gold, alumi 

num or platinum. An overall layer thickness of the resonator 
comprising electrode layers and piezoelectric layer amounts, 
for example, to 1 Jum. The mass of the resonator is reduced by 
comparison with the prior art owing to the Small layer thick 
ness of the piezoelectric layer or, as the case may be, by the 
Small overall layer thickness. This increases the resonance 
frequency of the resonator. The high resonance frequency, 
which is also referred to as high frequency, results in a high 
mass sensitivity in relation to the Substance. According to 
Equation (1), the mass sensitivity of the device can be esti 
mated to a few Hzpg' cm. For example, the mass sensitiv 
ity at a resonance frequency of 1 GHZ is equivalent to approx. 
2.5 Hzpg'cm. A mass sensitivity improved by a factor of 
10 is achieved by means of the invention. 

Sorption is understood to mean the formation of a chemical 
or physical bonding (binding) of the Substance to the Surface 
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4 
section. In this context sorption includes both absorption and 
adsorption. With absorption, the substance is absorbed for 
example through a resonator coating which forms the Surface 
section, without formation of a phase boundary. The sub 
stance is incorporated into the coating. With adsorption, in 
contrast, a phase boundary is formed. Conceivable in particu 
lar in this case is an adsorption in the form of a physisorption 
(physical adsorption). The Substance is deposited on the Sur 
face section of the resonator through van der Waals or dipole 
dipole interactions. Alternatively, adsorption in the form of a 
chemisorption (chemical adsorption) can take place. With 
chemisorption, the Substance is deposited on the Surface sec 
tion with formation of a chemical bond. The chemical bond is 
for example a covalent binding or a hydrogen bridge binding. 

It is preferable if the sorption takes place as a reversible 
process. This means that the Substance can also be Subse 
quently desorbed (removed) from the surface section. For 
example the Substance is removed again by increasing the 
temperature of the Surface section or by the action of a reac 
tive agent. The reactive agent is for example an acid or an 
alkaline solution by means of which the bindings formed 
during the chemisorption are dissolved. This enables the 
device to be used a number of times. However, it is also 
possible that the sorption is irreversible, in which case the 
device is used only once as a single-use sensor. 

Every conceivable chemical or biological compound may 
be suitable as the substance. Thus, the device can be used as 
a gas sensor for detecting a gas. The gas is a Substance which 
has a specific vapor pressure. Substances of this kind are for 
example organic solvents. It is also conceivable that Such a 
Substance is an explosive or a component, a primary product 
or a reduction product of an explosive. The device can be used 
as an explosives detector. It is also conceivable that the device 
is embodied as a biosensor for detection of any desired bio 
molecule. The biomolecule is for example a DNA (deoxyri 
bonucleic acid) sequence or a macromolecular protein. 
The surface section is preferably embodied in such a way 

that a specific Substance or Substance class is sorbed selec 
tively according to the key-lock principle and thus detected. 
In this way it is possible to enlist the aid of the device to detect 
a specific Substance selectively from a mixture consisting of 
a plurality of Substances. In this case the detection comprises 
both a qualitative and a quantitative determination of the 
substance. The absence or the presence of the substance in the 
fluid can be proven. The concentration of the substance in the 
fluid can also be determined. A change in the concentration of 
the substance overtime can also be determined by differential 
detection of the substance. Thus, the device is also suitable for 
example for reaction monitoring of a chemical reaction in 
which the substance is involved. 

In particular the chemically sensitive coating has mol 
ecules for detecting the Substance. In order to detect a specific 
DNA sequence, Such molecules are appropriate oligonucle 
otides (DNA oligos) consisting of multiple nucleotide units. 

In this case the molecules serving to detect the Substance 
can be directly coupled to a transducer Surface. The trans 
ducer Surface is a gold electrode of the resonator, for example. 
Molecules that have a thiol group are attached directly to the 
transducer Surface by formation of a gold-Sulfur binding. 

In a special embodiment the chemically sensitive coating 
has an immobilization layer for combining the resonator and 
the molecules for detecting the Substance. A transducer Sur 
face has NH or OH groups, for example. In this case the 
molecules for detecting the substance can be immobilized via 
alkoxysilane, cyanurchloride or carbodiimide. These com 
pounds form the immobilization layer. 
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The immobilization layer can be directly coupled to the 
transducer surface. It is also possible that the immobilization 
layer is coupled indirectly to the transducer Surface via an 
adhesion promoter layer. 

Essentially, the immobilization layer can be two-dimen 
sional. The immobilization layer is arranged as an ordered 
monomolecular or multimolecular layer along the transducer 
Surface. In particular, however, the immobilization layer is 
three-dimensional. An immobilization array is present. For 
example, the immobilization layer has open pores in which 
the molecules for detecting the Substance are arranged. A 
chemically sensitive coating having a large “reactive' Surface 
is present. As a consequence thereof, a chemically sensitive 
coating having a three-dimensional immobilization layer is 
characterized by an increased mass sensitivity for detection of 
the substance. The three-dimensional immobilization layer 
can be generated for example by radical networking of mono 
mers. The molecules serving to detect the Substance can be 
bound to the interconnected monomers. It is also conceivable 
that the monomers already have the functional groups for 
detecting the substance before the network is implemented. 
The oscillation of the resonator is selected in particular 

from the longitudinal oscillation group and/or thickness shear 
mode oscillation group. Which type of oscillation is excited 
depends, among other factors, on a symmetry group of the 
piezoelectric material, the orientation of the piezoelectric 
layer toward the Surface and the arrangement of the elec 
trodes. The piezoelectric layer consists, for example, of a 
<111 >-oriented plumbum zirconate titanate. If an electric 
field is applied only in the Z-direction along the layer thick 
ness of the piezoelectric layer, this results primarily in a 
longitudinal oscillation along the layer thickness. With the 
arrangement described, on the other hand, the thickness shear 
mode oscillation can occur along the lateral extension of the 
piezoelectric layer. In order to effect this, however, the thick 
ness shear mode oscillation requires a lateral component of 
the exciting electric field. The longitudinal oscillation is used 
in particular for analyzing a gaseous fluid. In the case of a 
liquid fluid the longitudinal oscillation is relatively strongly 
attenuated, resulting in a Substantial reduction in the mass 
sensitivity. In order to investigate a liquid fluid using the 
longitudinal oscillation of the resonator, the fluid is therefore 
removed from the Surface section or, as the case may be, from 
the resonator after the sorption. The measurement of the 
resonance frequency of the resonator takes place after the 
Sorption in the absence of the fluid. In contrast, measurement 
of the thickness shear mode oscillation is suitable for direct 
investigation of a liquid fluid. The thickness shear mode oscil 
lation is only attenuated to an imperceptible degree in a liq 
uid. The measurement can be taken when the resonator comes 
in contact with the liquid. 

In a special embodiment the resonator has a lateral exten 
sion which is chosen from the range from 50 um inclusive to 
1000 um inclusive. Owing to the small lateral extension the 
resonator can be used to analyze a small sample Volume of the 
fluid. 

In a special embodiment the piezoelectric layer has a 
piezoelectric material which is chosen from the plumbum 
Zirconate titanate, Zinc oxide and/or aluminum nitride group. 
These materials are particularly suitable for a deposition of 
the materials from the gas phase on a Substrate. The deposi 
tion takes place for example in a chemical vapor deposition 
(CVD) method or in a physical vapor deposition (PVD) 
method. Sputtering is an example of the physical vapor depo 
sition method. By means of the vapor deposition methods the 
Small layer thickness of the piezoelectric layer and also Small 
layer thicknesses of the electrodes are accessible. 
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6 
The resonator can be disposed on any desired substrate 

which exhibits a low loss in respect of high frequency signals. 
Said substrate has for example a sapphire as the dielectric. In 
particular a high frequency Substrate is conceivable. The high 
frequency Substrate is characterized in that a high frequency 
signal having high quality and therefore low loss is for 
warded. Use is made in particular of an LTCC (Low Tem 
perature Cofired Ceramics) substrate as a high frequency 
Substrate. Because of the use of glass ceramics sintering at 
low temperature, electrically highly conductive materials 
Such as metallic copper or silver can be integrated in the 
LTCC Substrate. 
The resonator is disposed in particular on a semiconductor 

Substrate. In this case the semiconductor Substrate has in 
particular a semiconductor material which is chosen from the 
silicon and/or gallium arsenide group. These semiconductor 
materials are suitable for the use of bipolar and CMOS tech 
nology. By means of these technologies a circuit, for example 
an evaluation circuit for determining the resonance frequency 
of the resonator, can be integrated in the semiconductor Sub 
strate. The result is a high integration density. 

In a special embodiment of the device, at least one device 
for acoustic insulation of the resonator and of the semicon 
ductor Substrate is present. The resonator and the semicon 
ductor Substrate are acoustically insulated from each other. 
Said acoustic insulation of the resonator and of the semicon 
ductor Substrate ensures that the resonance frequency of the 
resonator is independent of the semiconductor Substrate. This 
results in a relatively high mass sensitivity. The device serv 
ing for acoustic insulation is for example an acoustic mirror 
integrated in the Substrate. The acoustic mirror is for example 
an acoustic Bragg reflector which consists of W4-thick layers 
of different acoustic impedance. Alternatively the device is 
formed by a cavity in the substrate which is covered by a 
membrane. The resonator is coupled to the semiconductor 
substrate via the membrane (indirectly). The membrane con 
sists for example of an oxide and/or nitride. The membrane is 
for example a multi-layer membrane consisting of an oxide 
layer and a nitride layer. To provide acoustic insulation it is 
also possible that a backside of the semiconductor substrate 
facing away from the resonator has a recess, said recess 
preferably being produced by backside etching of the semi 
conductor Substrate. The resonator is coupled to the semicon 
ductor substrate for example on a nitride membrane which is 
detached due to the recess. 

In a special embodiment the Surface section used for sorp 
tion of the substance of the fluid is arranged at a recess of the 
semiconductor substrate. The recess, which can be embodied 
for example as a device serving for acoustic insulation of the 
resonator and of the semiconductor Substrate, has the Surface 
section used for sorption of the Substance. In this arrangement 
the surface section can be formed by a chemically sensitive 
coating of the resonator which is arranged in the recess and is 
accessible to the fluid. It is also feasible that the surface 
section is formed at least partially by an electrode or by the 
piezoelectric layer of the resonator which is accessible to the 
fluid in the area of the recess. 

In a further embodiment of the device at least one evalua 
tion device is present for determining the resonance fre 
quency of the resonator. The evaluation device comprises for 
example a high frequency circuit into which the resonator is 
integrated as a frequency-determining component. The high 
frequency circuit is for example a PLL (Phased Locked Loop) 
into whose control loop the resonator is connected via PIN 
diodes. The control signal of the PLL is a measure for the 
change in the resonance frequency of the resonator. The 
change in the resonance frequency enables the sorption of the 
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substance on the surface section of the resonator to be 
deduced. In particular the evaluation device is an internal 
evaluation device disposed in the semiconductor Substrate. 
The internal evaluation device can be integrated in the semi 
conductor substrate using bipolar or CMOS technology in the 
known fashion. Thanks to the possibility of integrating the 
evaluation device in the semiconductor substrate the device 
can operate as a module of a so-called “lab on a chip’. 

Alternatively the evaluation device is an external evalua 
tion device disposed outside of the semiconductor Substrate. 
The evaluation device is for example an evaluation chip 
embodied for evaluating the resonance frequency. The evalu 
ation chip is for example additionally mounted on the semi 
conductor Substrate and in electrical contact with the resona 
tOr. 

In a further embodiment at least one device is present for 
establishing electrical contact between the resonator and the 
external evaluation device, said device being a high frequency 
substrate chosen from the FR4 substrate and/or LTCC sub 
strate group. The external evaluation device is mounted for 
example on an LTCC substrate and electrically connected to 
the resonator by means of the LTCC substrate. FR4 is a known 
high frequency material. Substrates made of other high fre 
quency materials such as GETEK or R04003 are also fea 
sible. 

In a special embodiment the resonator with semiconductor 
Substrate and the high frequency Substrate are connected to 
each other by means of a flip-chip technology. The flip-chip 
technology is particularly space-saving. Electrical bonds are 
implemented in a vertical direction by means of what are 
known as “solder bumps”. The solder bumps are small pro 
tuberances, for example small balls or spherules, made of a 
solder which are disposed on the substrate surface. The solder 
bumps consist for example of a gold-nickel or gold-tin alloy. 
The Solder bumps remove the need for space-consuming con 
necting wires (bonding wires). The space saving means that 
further advances can be made with regard to the miniaturiza 
tion of the device. A particularly advantageous aspect thereof 
is that interference due to the influence of bonding wire induc 
tances can be largely eliminated. In addition, unnecessarily 
long electrical lines on the semiconductor Substrate are 
avoided . . . At frequencies in the GHZ range in particular, 
lines on a semiconductor Substrate are characterized by con 
siderable internal losses. By employing flip-chip technology 
it is possible to dispense with Such lines to a large extent. The 
device for detecting a substance is therefore characterized by 
a particularly high level of operating reliability and quality 
and as a consequence thereof also by a particularly high mass 
sensitivity. 
The use of flip-chip technology is particularly advanta 

geous with the embodiment of the device in which the surface 
section used for sorption of the Substance is disposed in the 
recess of the semiconductor substrate. An etched backside of 
the semiconductor Substrate containing the Surface section is 
used for sorption of the substance of the fluid. The side con 
taining the resonator facing away from the backside serves to 
establish electrical contact with the electrodes of the resona 
tor. Electrical and mechanical contact between the electrodes 
of the resonator and a possibly present high frequency Sub 
strate is established via solder bumps. 
The surface section for sorption of the substance can be 

formed by one of the electrodes of the resonator. In a special 
embodiment the surface section for sorption of the substance 
of the fluid is formed by a chemically sensitive coating of the 
resonator. A coating which can Sorb a specific Substance or 
also a specific Substance class is applied to the resonator. The 
Sorption is effected via chemisorption, physisorption or also 
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8 
absorption. The chemically sensitive coating is for example a 
polymer of the type cited at the beginning. It is also possible 
that the coating has a specific DNA sequence at the Surface. 
The corresponding DNA sequence can dock with the said 
DNA sequence according to the key-lock principle. The cor 
responding DNA sequence is chemisorbed with formation of 
hydrogen bridge bindings. In this form the device is suitable 
for providing proof of a specific DNA sequence. A chemically 
sensitive coating for any chemical and biological Substances 
is also possible. 

However, the chemically sensitive coating can also be 
embodied to allow the adsorption of specific gaseous mol 
ecules. Molecules of this kind are for example carbon mon 
oxide, carbon dioxide, nitric oxides or Sulfur oxides. Low 
molecular organic gases such as methane or ethane are also 
possible. The device is used for gas sensor applications. 

In a special embodiment a plurality of resonators are com 
bined to form a resonator array and each of the resonators 
forms an array element of the resonator array. Because of the 
Small lateral extension of each individual resonator, consid 
erably more resonators can be combined into a resonator 
array per Surface unit compared to the prior art. In this case 
each of the resonators of the resonator array is preferably used 
for the detection of a specific substance. This means that each 
resonator is designed to be sensitive to a specific Substance or 
Substance class. In this way Substance mixtures can be quali 
tatively and/or quantitatively analyzed with the aid of the 
device. In a gas sensor, for example, one of the resonators is 
sensitive to hydrocarbons, while a second resonator is sensi 
tive to sulfur oxides and a further resonator is sensitive to 
carbon monoxide. In a biosensor, for example, each of the 
resonators of the individual array elements is sensitive to a 
specific DNA sequence. In this way it is possible to investi 
gate the presence of different DNA sequences in the fluid in 
parallel. 
The resonator array is embodied in particular on a semi 

conductor substrate. The resonator array is preferably pro 
duced on the semiconductor Substrate using thin-film tech 
nology. In thin-film technology the individual resonators are 
manufactured in parallel in the same operating steps. As a 
result of the use of thin-film technology any variation interms 
of the electrical properties of adjacent resonators is minor. If, 
for example, one resonator is provided with a chemically 
sensitive coating whereas an adjacent resonator is left 
uncoated, the change in the resonance frequency of the coated 
resonator compared to the resonance frequency of the 
uncoated resonator can be used for the purpose of detecting 
the substance. A differential measurement is possible. 
A spacing between adjacent array elements is preferably 

chosen from the range of 20 um inclusive to 1000 um inclu 
sive. This results in a device having a resonator array in which 
as many array elements as possible are integrated in as Small 
a space as possible. Each of the array elements is very Small. 

Accordingly the result is a device with a very small total 
lateral extent. 

According to a second aspect of the invention a method for 
detecting at least one Substance of a fluid using the described 
device is specified. The method includes the method steps: 
bringing the fluid and the piezo acoustic resonator into con 
tact with each other in Such a way that the Substance can be 
sorbed on the surface section of the resonator, and determi 
nation of a resonance frequency of the resonator, with the 
amount of the Substance Sorbed on the Surface section being 
deduced from the resonance frequency. In order to be able to 
deduce the sorbed amount of the Substance, the resonance 
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frequency of the resonator without sorbed Substance is usu 
ally determined before the fluid and the resonator are brought 
into contact. 
The resonance frequency after the fluid and the resonator 

are brought into contact is preferably determined in the pres 
ence of the fluid. The fluid is for example a gas orgas mixture. 
The gas mixture is channeled past the Surface section of one 
or more resonators. The Substance is sorbed on the Surface 
section. The sorption causes a change in the mass of the 
resonator and consequently in the resonance frequency of the 
resonator. The more substance is sorbed, the greater is the 
change in the resonance frequency compared to the resonator 
on whose Surface section no substance is adsorbed. 

According to a further embodiment the resonance fre 
quency is determined in the absence of the fluid. For example, 
in a first step the fluid is channeled past the surface section of 
the resonator. The sorption takes place. Upon completion of 
the sorption the fluid ceases to be channeled past the surface 
section. The fluid is Subsequently removed in Such a way that 
the substance remains sorbed on the surface section of the 
resonator. Following this, the resonance frequency of the 
resonator is determined. This method is used in particular 
when a liquid is used as the fluid and the longitudinal oscil 
lation of the resonator is used as the oscillation. As for the rest, 
it is also possible that the resonance frequency is determined 
both in the presence and in the absence of the fluid. 

To sum up, the following advantages are produced by the 
invention: 
The device for detecting a substance is characterized by an 

improved mass sensitivity compared to the prior art. The 
mass sensitivity amounts to a few Hzpg'cm. 

The mass sensitivity can be additionally increased through 
the use of a three-dimensional immobilization array for 
molecules for detecting the Substance. 

The high mass sensitivity means that the Substance (analyte 
molecule) does not need to be marked for the purpose of 
detection. The detection process is “label-free'. 

The resonator of the device is characterized by a small 
lateral extension. Because of the small lateral extension 
a plurality of resonators can be arranged on a Substrate in 
a space-saving manner to form a resonator array. This 
results in a high integration density. 

The resonator array enables a plurality of substances to be 
detected in parallel. 

Because of the small lateral extension of the resonator a 
Small specimen Volume of the fluid can be examined. 

The device containing the resonator can be manufactured 
easily and at reasonable cost. Known thin-film technolo 
gies can be used for its manufacture. Through the use of 
a semiconductor substrate, CMOS technology and bulk 
micromachining processes can be used. 

A high frequency substrate in the form of an LTCC sub 
strate is particularly Suitable for electrical contacting of 
the resonator or resonators. 

The use of flip-chip technology largely eliminates high 
frequency losses and interfering inductances that can 
occur in bonding wires used for electrical contacting of 
the resonator. This results in a high operating reliability 
and quality and a high mass sensitivity. This applies in 
particular to a resonator array with a high density of 
array elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The device and the method for detecting a substance of a 
fluid will now be presented with reference to a number of 
exemplary embodiments and the associated figures. The 
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10 
focus here will be on different individual aspects of the inven 
tion which can be combined with one another as desired. The 
figures are schematic and do not represent diagrams that are 
true to scale. 

FIGS. 1a to 1fshow, in cross-section, piezo acoustic reso 
nators in which the electrodes, the piezoelectric layer and the 
surface section of the resonator are arranged differently with 
respect to one another. 

FIGS. 2a to 2c show different possibilities for acoustic 
insulation of a semiconductor Substrate and the piezo acoustic 
reSOnatOr. 

FIGS.3a and 3b show devices with an internal and external 
evaluation device. 

FIGS. 4a to 4c show a resonator array comprising a plu 
rality of array elements in a cross-sectional view (FIG. 4a) 
and in a plan view (FIGS. 4b and 4c). 

FIGS. 5a and 5b indicate different oscillation modes of the 
reSOnatOr. 

FIG. 6 shows a method for detecting a substance of a fluid. 

DETAILED DESCRIPTION OF THE INVENTION 

The device 1 for detecting a Substance consists of a piezo 
acoustic resonator 2 which is mounted on a semiconductor 
substrate 3 made of silicon. The resonator 2 has a piezoelec 
tric layer 4 made of plumbum Zirconate titanate. The plum 
bum Zirconate titanate has a <111> orientation with respect to 
the semiconductor substrate 3. The layer thickness 7 of the 
piezoelectric layer 4 is approx. 0.8 um. The lateral extension 
11 of the resonator 2 is approx. 100 Lum. In two alternative 
embodiments the piezoelectric layer consists of aluminum 
nitride and Zinc oxide. 
The layer thicknesses of the layer-shaped electrodes 5 and 

6 disposed on the piezoelectric layer 4 are approx. 0.1 um. 
The electrodes are made of gold. The resonator 2 is excited 
into an oscillation by electric actuation of the electrodes 5 and 
6. The resonator 2 is excited into a thickness sheer mode 
oscillation 51 along a lateral extension 11 of the piezoelectric 
layer 4 (FIG. 5a) and/or into a longitudinal oscillation 52 
along the layer thickness 7 of the piezoelectric layer 4 (FIG. 
5b) as a function of the arrangement of the piezoelectric layer 
4 and the electrodes 5 and 6 with respect to one another. 

According to FIG.1a the electrodes 5 and 6 are disposed on 
two sides of the piezoelectric layer 4 which face away from 
each other. The electrodes 5 and 6 are additionally separated 
by an electrical insulation 19 made of aluminum oxide. The 
electrical actuation leads to a longitudinal oscillation 52 
along the layer thickness 7 of the piezoelectric layer 4. 
An arrangement according to FIG. 1b, in which the two 

electrodes 5 and 6 are disposed on one side of the piezoelec 
tric layer 4, leads to a thickness shear mode oscillation 51. 
The arrangement according to FIG.1c likewise leads to the 

development of a thickness shear mode oscillation 51. 
The resonator 2 has a surface section 8 on which a sub 

stance of a fluid 9 can be sorbed. For this purpose the reso 
nator 2 has a chemically sensitive coating 10. The chemically 
sensitive coating 10 is applied to the electrode 5 (FIG.1a). As 
an alternative to this, the chemically sensitive coating is 
applied to the two electrodes 5 and 6 (FIG. 1b). The chemi 
cally sensitive coating 10 can also be applied to the piezo 
electric layer 4 (FIG. 1c). Alternatively, a protective layer 12 
is applied to the resonator 4, onto which protective layer the 
chemically sensitive coating 10 is applied in turn (FIG. 1d). In 
an embodiment that is not shown the protective layer 12 itself 
acts a chemically sensitive coating 10. 

FIG.1e shows a further alternative, according to which the 
chemically sensitive coating 10 is disposed in a recess 13 of 



US 7,468,608 B2 
11 

the semiconductor substrate 3 on a membrane 14 made of a 
nitride. The recess 13 is produced by backside etching of the 
semiconductor substrate 3. 

According to FIG. If in contradistinction to the preceding 
examples, the electrode 5 forms the surface section 8 for 
sorption of the substance of the fluid 9. The substance is 
sorbed directly on the electrode. 

In order to increase the mass sensitivity of the resonator 2 
to a specific Substance, the semiconductor Substrate 3 and the 
resonator 2 are acoustically insulated from each other by 
means of a device for acoustic insulation 15. According to 
FIG.2a the device is a Bragg reflector with W4-thick layers of 
differing impedance. As an alternative thereto, a membrane 
14 and a cavity 16 are integrated in the semiconductor Sub 
strate 3 underneath the resonator 2. The cavity 16 is covered 
by the membrane 14. The membrane 14 connects the resona 
tor 2 and the semiconductor substrate 3. Membrane 14 and 
cavity 16 are implemented in the semiconductor substrate by 
means of bulk and/or Surface micromachining. 

According to FIG.2c the device 15 used for acoustic insu 
lation is a recess 13 in the semiconductor substrate 3. Under 
neath the resonator 2 the material of the semiconductor Sub 
strate 3 is removed by backside etching. The resonator 2 is 
mounted on a membrane 14. The membrane 14 consists of a 
silicon nitride layer and a silicon oxide layer. 

According to FIG. 3a an internal evaluation device 17 is 
present in the semiconductor Substrate. The internal evalua 
tion device 17 is integrated in the semiconductor substrate 3 
by means of CMOS technology. The internal evaluation 
device 17 comprises a resonance circuit into which the reso 
nator 2 is incorporated as a resonance-determining compo 
hent. 

According to FIG. 3b the resonator 2 is connected to an 
external evaluation device 18. A high frequency substrate 20 
in the form of an LTCC substrate is present for the purpose of 
establishing electrical contact between the resonator 2 and the 
evaluation device 18. Electrical interlayer connections 21 and 
electrical conductor tracks 22 made of silver are integrated in 
the LTCC substrate. Both the device 1 and the external evalu 
ation device 18 are electrically contacted with the electrical 
interlayer connections 21 and conductor tracks 22 integrated 
in the LTCC substrate 20 via solder bumps 23 based on 
flip-chip technology. According to the embodiment shown in 
FIG.3b the chemically sensitive coating 10 is disposed in the 
recess 13 of the semiconductor substrate 3. The recess 13 acts 
as a channel 24 through which the fluid 9 is supplied to the 
surface section 8 from a reservoir. The channel 24 is formed 
by the recess 13 of the semiconductor substrates and a cover 
25 joined to the semiconductor substrate 3. The cover 25 is 
also made of silicon. In an alternative embodiment thereto the 
cover 25 is made of a plastic. The plastic and a possibly 
present seal between plastic and semiconductor Substrate is 
passive with respect to the fluid 9. The fluid 9 can be routed 
through the channel 24 without causing a reaction to take 
place between a component of the fluid 9 and the plastic or a 
material of the seal. 

FIG. 4a shows a device 1 comprising three resonators 2 in 
a lateral cross-section along the connecting line I-I (see FIGS. 
4b and 4c). The resonators 2 are mounted on a semiconductor 
Substrate 3 made of silicon, forming a resonator array 26. 
Each of the resonators 2 forms an array element 27 of the 
resonator array 26. Each of the resonators 2 has a lateral 
extension 11 of approximately 100 um. A spacing 28 between 
adjacent array elements 27 is 100 um. 

FIGS. 4b and 4c show different possibilities for establish 
ing electrical contact between the individual array elements 
26. 
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According to FIG. 4b the electrodes 5 and 6 of the resona 

tors 2 of the individual array elements 27 are electrically 
contacted in the conventional way. Toward that end corre 
sponding electrical lines 29 are present on the semiconductor 
substrate 3. 

According to FIG. 4c the electrical contacting of the indi 
vidual resonators 2 is realized via solder bumps 23 using 
flip-chip technology. 

Each of the array elements 27 has a resonator 2 which is 
sensitive to a specific substance. This results in a device for 
detecting a plurality of substances of a fluid 9. 

In order to detect the substances contained in the fluid 9, in 
a first step in each case the Surface section 3 of the resonator 
3 and the fluid 9 are brought into contact (FIG. 6, step 61). 
Fluid 2 and resonator 2 are brought into contact in Such away 
that the substance of the fluid 9 can be sorbed on the respec 
tive surface sections 3 of the resonator 2. As a result of the 
Sorption there is a change in the mass of the resonator 2. The 
type of the substance and its concentration in the fluid 9 can be 
deduced by Subsequent measurement of the resonance fre 
quencies of the resonator 2 (FIG. 6, step 62). As a result of the 
Sorption of the Substance there is a change in the resonance 
frequency of the resonator compared to the resonance fre 
quency of the resonator on whose Surface section no Sub 
stance is sorbed. In order to be able to determine the change in 
the resonance frequency, a resonator with a known resonance 
frequency is used. In an alternative embodiment the reso 
nance frequency of the resonator without Sorbed Substance is 
determined before the fluid and the resonator are brought into 
COntact. 

Protein Detection Example: 
A chemically sensitive coating 10 formed from an oligo 

nucleotide consisting of 25 bases is immobilized on the elec 
trode 5 (made of gold) of the piezo acoustic resonator 2. The 
oligonucleotide is applied to the electrode 5 as a hydrous 
Solutionata concentration of a few mmol in the Sub-nanoliter 
range. Each of the oligonucleotides has a thiol-alkyl group at 
the 3' position and a biotin group at the 5' position. Sulfur 
gold bindings are formed via the thiol-alkyl group. The oli 
gonucleotides are immobilized on the electrode 5. The basic 
oligonucleotide structure forms a kind of immobilization 
layer. The biotin group forms a strong complex with Strepta 
vidin. The biotingroup acts in a way as a molecule for detect 
ing the Substance streptavidin. As soon as this protein is 
present in a fluid to which the described chemically sensitive 
coating 10 is exposed, the process of forming a complex is 
triggered, resulting in the Sorption of the protein on the 
chemically sensitive coating 10. 
DNA Detection Example: 

Oligonucleotides consisting of 25 bases are immobilized 
via thiol-alkyl groups. The oligonucleotides have no biotin 
groups. DNA fragments containing a correspondingly 
complementary nucleotide sequence are bonded to the immo 
bilized oligonucleotides through the formation of hydrogen 
bridge bindings. 
The invention claimed is: 
1. A device for detecting at least one substance of a liquid, 

having at least one piezo acoustic resonator comprising: 
at least one polycrystalline piezoelectric layer, 
an electrode disposed on the polycrystalline piezoelectric 

layer, 
at least one further electrode disposed on the polycrystal 

line piezoelectric layer, and 
a Surface section for Sorption of the Substance of the liquid, 
wherein the polycrystalline piezoelectric layer, the elec 

trodes and the Surface section are arranged with respect 
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to one another in Such a way that an electrical actuation 
of the electrodes leads to an oscillation of the resonator 
at a resonance frequency and the resonance frequency is 
dependent on an amount of the Substance Sorbed on the 
Surface section, 

a layer thickness of the polycrystalline piezoelectric layer 
is chosen from the range of 0.1 um inclusive to 20 um 
inclusive, 

the resonance frequency of the oscillation ranges from 500 
MHz inclusive to 10 GHz, inclusive and 

wherein the oscillation of the resonator is thickness shear 
mode oscillation. 

2. The device as claimed in claim 1, wherein the resonator 
(2) has a lateral extension (11) which is chosen from the range 
of 20 um inclusive to 1000 um inclusive. 

3. The device as claimed in claim 1, wherein the piezoelec 
tric layer (4) has a piezoelectric material which is at least one 
member selected from the group consisting of plumbum Zir 
conate titanate, Zinc oxide and aluminum nitride. 

4. The device as claimed in claim 1, wherein the resonator 
(2) is disposed on a semiconductor Substrate (3). 

5. The device as claimed in claim 4, wherein at least one 
device (15) is present to provide acoustic insulation of the 
resonator (2) and the semiconductor substrate (3). 

6. The device as claimed in claim 4, wherein the surface 
section (8) for sorption of the substance of the liquid is dis 
posed at a recess (13) of the semiconductor substrate (3). 

7. The device as claimed in claim 1, wherein at least one 
evaluation device (17, 18) is present for determining the reso 
nance frequency of the resonator (2). 

8. The device as claimed in claim 7, wherein the evaluation 
device is an internal evaluation device (17) disposed in the 
semiconductor substrate (3). 

9. The device as claimed in claim 7, wherein the evaluation 
device is an external evaluation device disposed outside of the 
semiconductor substrate (3). 

10. The device as claimed in claim 9, wherein at least one 
device (20) is present for establishing electric contact 
between the resonator (2) and the external evaluation device 
(18), said device being a high frequency Substrate which is at 
least one member selected from the group consisting of FR4 
substrate and LTCC substrate. 

11. The device as claimed in claim 10, wherein the reso 
nator (2) with semiconductor substrate (3) and the high fre 
quency Substrate (20) are connected to each other by means of 
a flip-chip technology. 
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12. The device as claimed in claim 1, wherein the surface 

section (8) for sorption of the substance of the liquid (9) is 
formed by a chemically sensitive coating (10) of the resonator 
(2). 

13. The device as claimed in claim 12, wherein the reso 
nator (2) has a protective layer (12) and the chemically sen 
sitive coating (10) is applied to the protective layer (12). 

14. A device as claimed in claim 12, wherein the chemi 
cally sensitive coating has molecules for detecting the Sub 
Stance. 

15. The device as claimed in claim 14, wherein the chemi 
cally sensitive coating has an immobilization layer for con 
necting the resonator and the molecules for detecting the 
Substance. 

16. The device as claimed in claim 1, wherein a plurality of 
resonators (2) are combined to forma resonator array (26) and 
each of the resonators (2) forms an array element (27) of the 
resonator array (26). 

17. The device as claimed in claim 16, wherein each of the 
resonators (2) in the resonator array (26) serves to detect a 
specific Substance. 

18. The device as claimed in claim 16, wherein a spacing 
(28) between adjacent array elements (27) is chosen from the 
range of 50 um inclusive to 1000 um inclusive. 

19. A method for detecting at least one substance of a liquid 
using a device according to claim 1, comprising the following 
method steps: 

a) Bring the liquid and the piezo acoustic resonator into 
contact in Sucha way that the Substance can be sorbed on 
the Surface section of the resonator, and 

b) Determine a resonance frequency of the resonator, 
whereby the amount of the substance sorbed on the 
Surface section can be deduced from the resonance fre 
quency. 

20. The method as claimed in claim 19, wherein the reso 
nance frequency is determined in the presence of the liquid. 

21. The method as claimed in claim 19, wherein the reso 
nance frequency is determined in the absence of the liquid. 

22. The method as claimed in claim 21, wherein after the 
liquid and the resonator are brought into contact and before 
the resonance frequency is determined the liquid is removed 
in Such away that the Substance remains Sorbed on the Surface 
section of the resonator. 


